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The possibility of antihelium production in interaction of cosmic rays with the
interstellar gas is studied using large-scale Monte Carlo simulations. For this pur-
pose, an energy-dependent coalescence mechanism developed previously is extended
to estimate the production of light antinuclei (3He and 4He). The uncertainty in the
coalescence parameter and its effect on the expected antiparticle flux is also investi-
gated. The simulated background antihelium fluxes are found to be lower than the
fluxes predicted by simplified models using numerical scaling techniques.
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2I. INTRODUCTION
Antideuterons and antihelium nuclei are a potential breakthrough approach for dark
matter searches because dark matter induced cosmic-ray (CR) antinuclei fluxes predicted
by many different models exceed the estimated astrophysical background in the energy range
of GeV or sub-GeV by orders of magnitude [1–16]. In our matter dominated Universe, as-
trophysical production of antimatter can occur only as pair production from the collision of
cosmic rays with interstellar matter (ISM) particles, with protons being the largest compo-
nent of both the CR and ISM (in the form of hydrogen gas). Antinuclei can be formed in
collisions with energy above their respective production thresholds. This threshold for light
antinuclei increases steeply with antinucleon number because every additional antinucleon
requires the production of a corresponding nucleon as well. The energy thresholds for d, 3He
and 4He in p–p interactions are about 17, 31 and 49GeV, respectively in the target frame,
or about 5.7, 7.5 and 9.7GeV, respectively in the center-of-mass frame.
Within the first few years of operation, the space-based AMS-02 experiment entered
the precision era for cosmic-ray antiproton measurements [17], and recently reported several
antihelium candidate events [18, 19]. Naively, this leads to the assumption that antideuterons
should be observable in large quantities as well. However, thus far no strong antideuteron
candidates have been reported by the AMS-02 collaboration. These unexpected antihelium
observations have spurred an interest in studying the secondary production and propagation
of antihelium in our Galaxy. Most of these semi-analytical studies have relied on simplified
numerical scaling of antiproton production cross sections to predict the production cross
sections of heavier antinuclei in typical CR–ISM interactions [20–22].
This study tries a different approach by using an event-by-event implementation of the
coalescence model [23–26]. In [27], antideuteron production cross section measurements
were fitted with simulations to determine the best-fit coalescence momentum parameter p0
for proton-proton collisions at different kinetic energies. The p0 was found to be energy-
dependent. Compared to analytical models which use a constant p0, this approach can
lead to important differences in the final predicted particle fluxes. In this study, the new
parametrization was used to further develop a multi-particle coalescence mechanism. This
approach benefits from the continuous improvement of Monte Carlo (MC) particle interac-
tion simulators, the development of an event-by-event afterburner and finally, the availability
of high-throughput computational facilities. Utilizing massive computation power of about
5,000 years of CPU time, more than 25 trillion proton-proton collisions were simulated at
different collision energies. The total number of p–A collisions simulated in this study are a
few orders of magnitude more than what was feasible just a few years ago.
The antitriton and 3He yields from this simulation were validated by comparing them to
available accelerator data. This is also the first MC simulation to predict 4He yields, which
can be compared to data from future experiments. This model could be useful in describing
the formation of light antinuclei in a variety of systems for a large range of energies using a
single energy-dependent coalescence parameter.
3II. COALESCENCE FORMATION OF LIGHT ANTINUCLEI
A. Coalescence of Two Antinucleons
The production mechanism of light antinuclei from hadronic interactions is not well under-
stood. A number of models attempt to describe this process. One of these is the coalescence
model which has been successful in describing the light antinuclei formation so far, as the
ALICE and other results have shown [27]. In the simple coalescence model, the fusion of
an antiproton and an antineutron into an antideuteron is based on the assumption that any
antiproton–antineutron pair within a sphere of radius p0 in momentum space will coalesce
to produce an antinucleus. The coalescence momentum p0 is a phenomenological quantity
and has to be determined through fits to experimental data [28]. In this approach, the
antideuteron spectrum is given by:
γd
d3Nd
dp3
d
= 4pi3 p
3
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)
, (1)
where pi and dNi/dpi are, respectively, the momentum and the differential yield per event
of particle i (d = antideuteron, p = antiproton, n = antineutron). This is known as the
analytical coalescence model. However, this is overly simplistic since it does not take into
account effects like energy conservation, spin alignment etc., which have an important effect
on deuteron and antideuteron formation. It also assumes that the production of antiprotons
and antineutrons is uncorrelated [29], and expresses the momentum distribution of the co-
alesced particle as the product of two independent isotropic distributions. This is another
simplification since correlations have an important effect on the coalescence process [30–32].
To take into account the hadronic physics (conservation of energy-momentum, angular
correlations, event topography, antiproton-antineutron production asymmetry etc.), MC
hadronic event generators are used. Typical hadronic generators [33–39] do not have the
capability to produce (anti)deuterons. Therefore, the state-of-the-art technique is to create
an event-by-event coalescence model afterburner coupled to the hadronic generators. The
afterburner applies the coalescence condition to pn or pn pairs on a per-event basis. (e.g. [7,
27, 40]). For each event, the momentum difference of each antinucleon pair is calculated in
their corresponding center-of-mass frame. If the momentum difference is smaller than p0, a
new particle is produced with a momentum equal to the sum of the constituent particle’s
momenta. The coalescence condition can be expressed as:
|~kp¯ − ~kn¯| < 2p0 (2)
The coalesced particle’s binding energy is taken into account by calculating its total energy
from its calculated momentum and the PDG [41] value of its rest mass. The constituent
antiprotons and antineutrons are removed from the event, and the process is repeated for all
remaining antinucleons, until all possible pairs are exhausted. The coalescence momentum
p0 is varied as a free parameter, and best-fit values are obtained by comparisons with the
experimental data. It is important to note that the coalescence model is not a nuclear-
physics model for the formation of light antinuclei from first principles. It should be seen as
an empirical approach that is capable of reproducing the experimental data.
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FIG. 1. (Color online) Comparison of antinuclei production cross sections in proton-proton colli-
sions as function of collision energy (CoM frame) [GeV], using the coalescence mechanism at 120%
of the central p0 value. Experimental data from [43, 44].
B. Choice of the Monte-Carlo Event Generator
To simulate the production of antideuterons and larger antinuclei, accurate description
of the production of constituent particles (antiprotons and antineutrons) is of paramount
importance. Previously in [27], the formation of deuterons and antideuterons was studied
using multiple MC event generators in the framework of Cosmic Ray Monte Carlo package
(CRMC) [42]. It was demonstrated in that study that the parametrization of p0 depended on
the choice of the MC event generator. Further, EPOS-LHC Monte-Carlo event generator [33]
was shown to be consistent with p production data in a wide range of energies. Hence, it was
chosen as the event generator for this study as well. The kinetic energy dependence of p0 for
the antideuteron production using EPOS-LHC was described by the following parametrization:
p0 (T ) =
A
1 + exp (B − ln(T/C)) (3)
where T is the system kinetic energy value in GeV and the parameters A, B, and C were
determined in [27] to be 89.6± 3.0MeV/c, 6.6± 0.88 and 0.73± 0.10, respectively.
C. Coalescence of Larger Antinuclei
In this work, the event-by-event coalescence mechanism of formation of two-particle nuclei
(deuterons and antideuterons) was extended to estimate the production of larger antinuclei
(3He and 4He). Two simplistic scenarios were considered:
Simultaneous Coalescence: An N -particle antinucleus is formed by simultaneously coa-
lescing N antiproton and antineutrons, where each antiproton and antineutron pair has to
5TABLE I. Energy bins, number of generated events per bin, and antiparticles produced per event
using the coalescence model at 120% of the central p0 value.
Energy Bins nEvents d 3He 4He
GeV billion Particles produced per event
31 106 6.60×10−11 0 0
40 843 1.52×10−9 0 0
50 431 1.92×10−8 0 0
60 440 8.56×10−8 0 0
80 583 4.40×10−7 0 0
100 1100 1.14×10−6 2.73×10−12 0
120 1133 2.18×10−6 2.74×10−11 0
158 1865 5.02×10−6 1.74×10−10 5.36×10−13
200 1895 8.99×10−6 5.57×10−10 1.58×10−12
240 2441 1.39×10−5 1.45×10−9 2.87×10−12
310 2461 2.16×10−5 3.53×10−9 6.09×10−12
400 2583 3.09×10−5 6.95×10−9 1.66×10−11
500 1994 3.96×10−5 1.13×10−8 2.76×10−11
600 1147 4.95×10−5 1.72×10−8 3.57×10−11
750 1017 5.94×10−5 2.37×10−8 6.98×10−11
950 1001 7.00×10−5 3.14×10−8 9.88×10−11
1200 795 8.04×10−5 3.86×10−8 1.28×10−10
1500 424 9.02×10−5 4.60×10−8 1.98×10−10
1900 566 1.05×10−4 6.04×10−8 1.80×10−10
2400 296 1.16×10−4 6.89×10−8 1.75×10−10
3000 258 1.26×10−4 7.68×10−8 2.55×10−10
3700 268 1.35×10−4 8.37×10−8 2.50×10−10
4700 333 1.52×10−4 1.01×10−7 3.45×10−10
6000 212 1.64×10−4 1.09×10−7 4.47×10−10
7500 275 1.76×10−4 1.19×10−7 4.79×10−10
10000 257 1.92×10−4 1.31×10−7 4.96×10−10
12500 308 2.04×10−4 1.39×10−7 5.15×10−10
fulfill the aforementioned coalescence condition (Eq. 2). For example, to produce 4He, two
antiprotons and two antineutrons are selected, and the coalescence condition is evaluated
for the six possible particle pairs.
Iterated Coalescence: antiprotons or antineutrons are iteratively added to a multi-
antinucleon state if they fulfill the two-particle coalescence condition. For example, an
antideuteron produced by the simultaneous coalescence scenario is further evaluated for 3He
production, by pairing it with all remaining antiprotons in that event. Similarly, 3He is
paired with all remaining antineutrons to check for 4He production.
This study used both these methods. The simultaneous coalescence method is first used
to generate the initial antiparticles, and then the iterated coalescence method is used to
produce additional antiparticles.
The p0 parametrization used in this study was obtained from the study of antideuteron
formation in [27]. This was done to test the hypothesis that a single parameter can accurately
6FIG. 2. (Color online) Antinuclei spectra produced via the coalescence mechanism as a function of
its transverse momentum pT (GeV/c) are plotted for selected CR energies (lab frame), using the
coalescence mechanism at 120% of the central p0 value. Left: d spectra. Right: 3He spectra.
describe the formation of heavier antinuclei. This is supported by previous work on the
analytical coalescence model, where it was shown that the two-particle coalescence parameter
calculated from d production could be scaled to correctly predict the 3He production as
well [10, 45–47]. For a systematic study of the dependence of antinuclei production on p0,
seven different values of the p0 were used for this study. These seven values include a central
value of p0 specific to that kinetic energy from the d parametrization in Equation 3. The
remaining values are ±10%, ±20% and ±30% of the central value of p0, to take into account
the uncertainty in the coalescence parameter.
Proton–proton interactions were simulated at 27 different energy values in logarithmic
bins between 31GeV and 12.5TeV in the lab frame. For each collision, a projectile proton
moving with the selected energy collided head-on with a stationary proton target. The
simulated collisions mimic the interaction of cosmic rays with the interstellar matter. The
afterburner was used to implement the coalescence conditions to generate light antinuclei.
The number of collisions simulated in each bin was motivated by that bin’s relative contri-
bution to the overall source term of the produced antiparticles (see discussion in Sec. IV). It
was estimated that the contribution to the d, 3He, and 4He source terms are the largest from
the bins at 158GeV, 310GeV, and 400GeV, respectively. Hence, the bins from 158–500GeV
have the most number of simulated events to get the best estimates of the production
cross sections. Further, since p–p collisions contribute 60-70% of the total antinuclei source
terms, [10] only those were simulated for this study. The remaining contributions (p–He,
He–p and He–He) were estimated by scaling the parametrization developed in [48].
The total number of p–p collisions simulated for each energy bin, and the number of
antiparticles produced per p–p collision by the coalescence mechanism are given in Table I.
Fig. 1 shows the production cross section of these antiparticles as a function of collision
7energy (in CoM frame). The figure shows that the production of antiprotons increases
with energy and eventually saturates at high energy (~1TeV). Antideuteron production also
increases with energy. Both 3He and 4He show a similar feature but with a higher production
threshold, and their saturation occurs at progressively higher kinetic energies as well. As
expected, a clear trend is observed that antinuclei production becomes rarer as the number
of antinucleons in the final state increases.
Fig. 2 shows the predicted production yields of d and 3He as a function of transverse
momentum pT , for selected collision energies in the lab frame. There are very few data
points for d production cross sections in p–p interactions at low collision energies (for ex-
ample [49] at plab = 70GeV). The next available data are at plab = 1500GeV. Hence, more
experimental data are needed in the low-energy region near the production threshold, which
is the dominant region for the production of antinuclei in cosmic-ray interactions.
III. VALIDATING THE MULTI-PARTICLE COALESCENCE APPROACH
A. Comparison with p production data
The predicted antinuclei fluxes from cosmic-ray propagation models are highly correlated
with antiproton production in proton–proton interactions. Hence it is important to get
the correct antiproton production cross section. The p total production cross section as
predicted from this simulation was compared with data at different collision energies [43, 44]
in Fig. 1. This EPOS-LHC-based simulation is compatible with the data within the statistical
uncertainties. Next, the p differential production cross section as function of kinetic energy
was compared to the latest parametrizations at different collision energies. Fig. 3 shows the
comparison for collisions at 20 and 450GeV. The parametrization from Korsmeier et al. [10]
shows only the primary p cross section, and does not include the contribution from n decay,
hence it is lower than the di Mauro et al. parametrization [50] used in Poulin et al. [46] by
a factor of two. Taking this factor into account, the cross section predicted by EPOS-LHC in
this work is in very good agreement with [10]. The agreement with parametrization from di
Mauro et al. is poor for 20GeV interactions but gets much better at 450GeV. The agreement
at very low kinetic energies is especially poor.
B. Validation with d, t and 3He production data
Due to a lack of light-antinuclei production data for p–p collisions at low energies near
the production threshold, a direct comparison with the predictions of the multi-particle
coalescence model is not possible. However, comparison with p–A collisions (where A is a
light antinucleus) can produce a target-independent parametrization for the production of
light antinuclei. t/p and 3He/p ratios have been measured in p–Al and p–Be collisions at
beam momentum of 200GeV [51–53]. The predictions of this model are compared to data
in Fig. 4. The width of the bands represents 30% uncertainty in the coalescence parameter
p0, which was varied from the central value of p0 (59MeV) to 130% of the central value of p0
(77MeV). In magnitude and shape, it nearly overlaps with the uncertainty band from the
analytical model [53], and is in good agreement with the data.
Moreover, proton–proton collisions were simulated at
√
s = 7TeV, with the aim of com-
paring the coalescence scheme with the latest 3He production data from ALICE [54]. The
8FIG. 3. (Color online) The antiproton differential production cross section as function of kinetic
energy for Left: p–p at plab = 20GeV and Right: p–p at plab = 450GeV. The results are compared
to parametrizations from di Mauro et al. [50] and Korsmeier et al. [10]. The parametrization from
Korsmeier et al. does not include the contribution from decay of antineutrons.
coalescence parameter p0 was again varied to simulate an uncertainty band of 30%, from
the central value of p0 (90MeV) to 130% of the central value of p0 (116MeV). The results
are shown in Fig. 5. The 3He and t production yields from ALICE are shown to be within
10–30% of the yield predicted by using the central value of p0. Moreover, as found in ALICE
and [26], the simulation also shows no measurable asymmetry in antitriton and antihelium
production at very high energies.
Since the publication of d parametrization in [27], new data for d production at
√
s =
13TeV has been published by ALICE [55]. Comparison of the data with the predictions
from the coalescence model is shown in Fig. 6 (Left). Once again, the width of the band
represents 30% uncertainty in the coalescence parameter p0, by varying it from the central
value of p0 (90MeV) to 130% of the central value of p0 (116MeV). The d production yield
from ALICE is shown to be within 10–20% of the yield predicted by using the central value
of p0.
As discussed in Sec. II C, the production cross sections for d, 3He and 4He at each collision
energy were estimated at seven different values of the coalescence parameter p0. The central
value of p0 was set to the parametrization in Equation 3, and the other p0 values were used
to estimate the uncertainty bands. However as shown above, using the central value of p0
from [27] under-predicted the 3He production cross sections by 10–20% at both high-energy
and low-energy interactions. Taking this finding into consideration, the subsequent 3He
and 4He production cross sections and the cosmic-ray flux discussion are shown with a 30%
uncertainty band, with the lower edge corresponding to the central value of p0, and the
upper edge to 130% of the central value of p0. The uncertainties in the d parametrization
from [27] are also similar in magnitude, especially in the low-energy region (collision kinetic
energy of ~158GeV) relevant for d production in cosmic-ray interactions. Along with the
9FIG. 4. (Color online) The invariant production cross section ratio 3He/p as function of momentum
in the lab frame for Left: p–Be at plab = 200GeV and Right: p–Al at plab = 200GeV. The width
of the bands represents 30% uncertainty in the coalescence parameter p0, by varying it from the
central value of p0 (59MeV) to 130% of the central value of p0 (77MeV).
comparison to data at
√
s = 13TeV as discussed above, and to be consistent with the other
antinuclei, a similar 30% uncertainty band in p0 was chosen for d as well.
This study was able to successfully simulate enough p–p collisions to be able to produce
reasonable 4He spectra. Fig. 6 (Right) shows the 4He production yield as a function of pT
predicted by this study at different collision energies, including at
√
s= 7 and 13TeV. ALICE
has published results of 4He production in Pb–Pb collisions at
√
s = 2.76TeV [56], and 4He
production upper limit in p–Pb collisions at
√
s = 5.02TeV [57]. However, due to the large
difference in system size, these results cannot be used to validate the predictions of the p–p
MC simulations. Measuring the antideuteron and antihelium production at LHC energies
is very useful to validate various formation models. However, cosmic rays at LHC energies
are extremely rare, with most cosmic-ray protons having an energy of only a few GeV.
Using collision systems with energies closer to the production threshold of light antinuclei
is necessary to understand their production in the Galaxy [1].
IV. PROPAGATION OF ANTINUCLEI IN THE GALAXY
The updated d, 3He, 4He production cross sections were used to calculate the local
source terms. This was followed by the propagation of the source terms in the Galaxy. Solar
modulation was applied to produce the final top-of-the-atmosphere (TOA) fluxes.
The standard technique to estimate the antinuclei production in the interactions of cosmic
rays with interstellar gas is by scaling the parametrization of p¯ production cross section
data from experiments. In this work, the production cross sections of all the antinuclei
were generated using the coalescence afterburner described earlier. The d, 3He differential
production cross sections are shown in Fig. 7. These cross sections were used as input for
10
FIG. 5. (Color online) Number density of Left: 3He and Right: t production from coalescence
mechanism for p–p interactions at
√
s = 7TeV, along with ALICE results from [54]. The width
of the bands represents 30% uncertainty in the coalescence parameter p0, by varying it from the
central value of p0 (90MeV) to 130% of the central value of p0 (116MeV).
propagation in the Galaxy. For the purpose of propagation, it was assumed that over the
timescale of Galactic transport, all t decay completely into 3He, with no change in the kinetic
energy distribution.
The flux of cosmic-ray protons φp(E) at the selected energies are obtained from the
high-precision measurements by the AMS-02 collaboration [17]. The differential production
cross section of an antinucleon A as a function of its kinetic energy per nucleon EA is
obtained from the MC simulation (Fig. 7). The local source term Qsec can then be calculated
using [20, 58, 59]:
Qsec(EA) = 4pinH
∫ ∞
Eth
dEφp(E)
dσA
dEA
(E,EA) (4)
where nH is the number density of hydrogen nuclei in the ISM which was set to 0.9
atoms/cm3. The secondary antiparticle source terms as a function of the antiparticle’s
kinetic energy per nucleon are presented in Fig. 8 (Left). Both d and 3He source terms are
lower than the source terms predicted by Poulin et al. [20] by an order of magnitude in the
low kinetic energy region (less than 10GeV). Due to low statistics (see Table I), the 4He
source term is shown only from 4–20GeV/c, where it is in agreement with Poulin et al. As
4He production is extremely rare in p–p collisions, being able to predict the 4He source term
using MC simulations was only possible by a massive amount of computing power.
To propagate the antinuclei produced in interstellar medium, an updated semi-analytical
code developed in [20, 61, 62] was used. The only difference is the modification of p, d
and He production cross section tables for p–p interactions, with tables generated using the
coalescence model from this work.
The diffusion parameters used for Galactic propagation in this study were not tuned to fit
the p flux from this analysis with CR data. Instead, the parameters from Poulin et al. [20]
11
FIG. 6. (Color online) Left: Number density of d production from coalescence mechanism for
p–p interactions at
√
s = 13TeV, along with ALICE results from [55]. The width of the bands
represents 30% uncertainty in the coalescence parameter p0, by varying it from the central value of
p0 (90MeV) to 130% of the central value of p0 (116MeV). Right: The predicted differential yield
of 4He as a function of pT in p–p interactions at different collision energies, using the coalescence
mechanism at 120% of the central p0 value.
were used with the MED propagation model [60] to predict the secondary antinuclei top-of-
the-atmosphere (TOA) fluxes. The predicted antinuclei fluxes are shown in Fig. 8 (Right).
For comparison, the predicted fluxes from Poulin et al. [20] and Korsmeier et al. [10], and p
data from AMS-02 [17] are shown. The p flux predicted by this study exceeds the AMS-02
data by 20–30% in the low KE region (1-5 GeV). This difference could be due to the slight
overestimation of the p production by EPOS-LHC at low energies.
The predicted secondary d flux is very close to the predicted flux from [20]. The predicted
secondary 3He flux is consistently lower than the corresponding fluxes from both [20] and [10]
by almost an order of magnitude, especially in the low kinetic energy region between 1 and
10GeV. As discussed in Sec. IV, the predicted 4He flux is shown only from 4–20GeV/c, and
it agrees with [20] within the uncertainties. If the 20–30% excess in the predicted p flux
in this study is corrected to match with data, the predicted fluxes of the heavier antinuclei
could also be up to 30% lower than shown in Fig. 8 (Right) due to feed-down effects.
The differences in the antinuclei fluxes between this study and [20] can be traced to the
differences in the source terms in Fig. 8 (Left). The d and 3He source terms are both smaller
than the source terms in [20]. This reduction observed at lower energies is a consequence of
the energy-dependent p0. The 4He source term is about the same within the uncertainties.
However, due to the lack of experimental data for 4He production, the validity of the multi-
particle coalescence model could not be evaluated for this regime.
12
FIG. 7. Differential production cross section (cm2/GeV ) for Left: d and Right: 3He as function
of kinetic energy per nucleon (GeV/n) for selected p–p collision energies, using the coalescence
mechanism at 120% of the central p0 value.
V. DISCUSSION AND CONCLUSIONS
To simulate the interaction of cosmic rays with the ISM, a multi-particle coalescence
model was developed to produce light antinuclei in p–A collision simulations. A large-scale
simulation of proton–proton collisions was carried out using this coalescence model, and the
production cross sections of p, d, 3He and even 4He were estimated. These cross sections were
validated at high energies of
√
s = 7 and 13TeV by comparison with the latest data from
ALICE, and also with p–Be and p–Al collisions at
√
s = 19.4GeV. The lack of high-precision
proton–proton experimental data at lower energies remains a crucial gap and affects the CR
background predictions.
The local source terms of these antinuclei were calculated and a propagation model was
used to predict the top-of-the-atmosphere secondary fluxes. These fluxes were compared to
previous studies which use a different methodology to estimate the light antinuclei produc-
tion cross sections, by scaling the p cross section parametrizations.
The coalescence method developed here predicts about an order-of-magnitude lower an-
tideuteron and antihelium fluxes than the numerical scaling models. In light of the AMS-02
antihelium candidate events, this study reinforces the prediction of extremely low antipar-
ticle background for low-energy cosmic rays.
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FIG. 8. (Color online) Left: Local source terms for the secondary production of d, 3He, 4He. The
width of the bands represents 30% uncertainty in the coalescence parameter, which was varied
from p0 to 130% of p0. These predictions are compared to predictions by Poulin et al. [20] and
Korsmeier et al. [10]. Right: The predicted secondary top-of-atmosphere flux for different antipar-
ticles, propagated using the MED propagation model [60]. The width of the bands from this work
represents 30% uncertainty in the coalescence parameter, which was varied from p0 to 130% of p0.
These predictions are compared to predictions by Poulin et al. [20] and Korsmeier et al. [10]. The
p flux is compared to data from AMS-02 [17].
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